Abundant amounts of cholesteryl ester transfer protein (CETP) are found in macrophage-derived foam cells in the arterial wall, but its function in atherogenesis is unknown. To investigate the role of macrophage CETP in atherosclerosis, LDL receptor knockout mice were transplanted with bone marrow from CETP transgenic mice, which express the human CETP transgene under control of its natural promoter and major regulatory elements. CETP production by bone marrow-derived cells induced a 1.8-fold (PϽ0.01) increase in atherosclerotic lesion development. The increase in lesion size coincided with an increase in VLDL/LDL cholesterol and a decrease in HDL cholesterol. The cholesterol redistribution in serum was a direct effect of the substantial serum CETP activity and mass (38Ϯ3 nmol/mL/h and 4.8Ϯ0.5 g/mL, respectively) induced by CETP production by bone marrow-derived cells. Conversely, specific disruption of CETP production by bone marrow-derived cells in CETP transgenic mice resulted in a Ϸ2-fold (PϽ0.0001) reduction in serum CETP activity and mass, demonstrating the quantitative relevance of bone marrowderived CETP. Finally, we show that in liver Kupffer cells, hepatic macrophages, contribute Ϸ50% to the total hepatic CETP expression. In conclusion, bone marrow-derived CETP induces a proatherogenic lipoprotein profile and promotes the development of atherosclerotic lesions in LDL receptor knockout mice. Most importantly, we show for the first time that bone marrow-derived CETP is an important contributor to total serum CETP activity and mass. (Circ Res.  2007;100:678-685.) 
C holesteryl ester transfer protein (CETP) is a 74-kDa glycoprotein that facilitates the transfer of cholesteryl esters from antiatherogenic HDL to proatherogenic apoBcontaining lipoproteins and a concomitant equimolar transfer of triglycerides to HDL. 1 High HDL levels protect against the development of atherosclerosis by virtue of its essential role in the removal of excess cholesterol from peripheral cells and its antioxidative, antiinflammatory, and antithrombotic properties. 2, 3 Several lines of evidence indicate that CETP is proatherogenic. Introduction of the simian or the human CETP gene in mice naturally lacking CETP, results in a dose-dependent reduction of HDL cholesterol and an increased susceptibility to atherosclerosis. 4 -6 Furthermore, humans possessing a genetic deficiency for CETP have higher HDL cholesterol levels and a reduced prevalence of coronary artery disease (CAD). 7, 8 However, in certain populations CETP deficiency appears to have deleterious effects on CAD risk. 9, 10 CETP mRNA shows a widespread tissue distribution, with the highest levels found in liver, spleen, and adipose tissue. [11] [12] [13] Interestingly, CETP is also expressed locally in the arterial wall. 14, 15 Abundant amounts of CETP mass are found in macrophage-derived foam cells in human atherosclerotic lesions, but not in the healthy arterial wall. By promoting the transfer of cholesteryl esters from HDL to apoB-containing lipoproteins CETP remodels the HDL particle, which is accompanied by a reduction in size and by the dissociation of pre␤-migrating, lipid poor apoAI, 16, 17 which is an important acceptor of ABCA1-mediated cholesterol efflux from macrophages. 18, 19 Locally, in the arterial wall the action of CETP might thus be implicated in the conversion of large cholesteryl ester enriched HDL into lipid-poor pre␤-HDL and thus may also have an antiatherogenic function. Interestingly, macrophage cholesterol loading results in a dose-dependent increase in macrophage secretion of CETP activity. 20 Furthermore, in vitro studies indicated a direct role for CETP in cholesterol efflux from COS cells 14 and J774 macrophages. 21 The in vivo effects of macrophage CETP production, however, are currently unknown.
Macrophages, present in atherosclerotic lesions primarily depend on infiltration from bone marrow (BM)-derived monocytes into the arterial wall. Therefore, in the present study, we investigated the effects of selective introduction of CETP in BM-derived cells and thus macrophages on lipoprotein metabolism and atherosclerotic lesion development by using bone marrow transplantation. We show that CETP production by macrophages and other BM-derived cells, under conditions of impaired clearance of apoB-containing lipoproteins, is highly atherogenic because of its significant contribution to the serum cholesteryl ester transfer capacity.
Materials and Methods
For detailed methodology, please refer to the online data supplement available at http://circres.ahajournals.org. Bone marrow transplantation (BMT) was used to selectively introduce CETP in hematopoietic cells, including macrophages. Briefly, female LDL receptor knockout (LDLr Ϫ/Ϫ ) mice (C57Bl/6J N5) were exposed to a single dose of 9 grays (Gy) (0.19 Gy/min, 200 kV, 4 mA) X-ray total body irradiation, using an Andrex Smart 225 Röntgen source (YXLON International, Copenhagen, Denmark) 1 day before transplantation. Irradiated recipients were transplanted by intravenous injection of 0.5x10 7 bone marrow cells, isolated from male CETP transgenic mice (CETP Tg; strain 5203; C57Bl/6J N10), overexpressing human CETP under the control of its own promoter and other major regulatory elements, 22 or from wild-type littermates. To induce the development of atherosclerosis, the mice were fed Western-type diet (WTD), containing 15% (w/w) total fat and 0.25% (w/w) cholesterol (Diet W, Special Diet Services, Witham, UK) for 9 weeks, starting at 8 weeks after transplantation after which the mice were euthanized and atherosclerotic lesion development and the composition of the lesions was quantified. For determination of serum lipid levels blood was drawn after an overnight fasting-period. CETP activity in serum was measured as the transfer/exchange of 14 C-cholesterol oleate between exogenously added human LDL and HDL, while CETP mass was determined using a CETP ELISA (Daiichi). In addition, CETP mRNA expression was determined in whole livers and spleens of transplanted mice at 17 weeks posttransplant and in parenchymal, endothelial, and Kupffer cells isolated from livers of CETP Tg mice using real time-quantitative PCR.
Results

CETP Production by BM-Derived Cells Induces Atherosclerotic Lesion Development in LDLr ؊/؊ Mice
To assess the role of CETP production by BM-derived cells in atherosclerotic lesion development, we used BMT to selectively introduce CETP in hematopoietic cells. Hereto, bone marrow from CETP transgenic mice was transplanted into LDLr Ϫ/Ϫ mice (CETP Tg3 LDLr Ϫ/Ϫ ), which represents an established animal model for the development of atherosclerosis. LDLr Ϫ/Ϫ mice transplanted with bone marrow from nontransgenic littermates devoid of CETP expression were used as controls (WT3 LDLr Ϫ/Ϫ ). For our experiments we used CETP transgenic mice expressing human CETP under control of its own promoter and natural flanking regions. 22 These mice display a tissue distribution pattern of human CETP mRNA expression that is similar to those observed in humans (liver, spleen, small intestine, kidney, and adipose tissue) and the expression is regulated by dietary cholesterol. Plasma CETP levels in the CETP transgenic mice are similar to the levels in normolipidaemic humans. 23 Furthermore, plasma CETP activity in the CETP transgenic animals (45Ϯ6 nmol/mL/h) is comparable to the activity that we have previously described for healthy Finnish subjects (35Ϯ7 nmol/mL/h 24 ).
To induce atherosclerotic lesion development, the transplanted mice were fed a Western-type diet, containing 0.25% cholesterol and 15% fat, starting at 8 weeks after transplantation. After 9 weeks on Western-type diet atherosclerotic lesion development was analyzed in the aortic root of WT3 LDLr Ϫ/Ϫ mice and in CETP Tg3 LDLr Ϫ/Ϫ animals. As shown in Figure 1a , production of CETP by BM-derived cells induced a 1.8-fold increase in lesion size (561Ϯ52x10 3 m 2 in CETP Tg3 LDLr Ϫ/Ϫ mice versus 309Ϯ36x10 3 m 2 in WT3 LDLr Ϫ/Ϫ mice, nϭ9, PϽ0.01). The macrophage content of the lesions of WT3 LDLr Ϫ/Ϫ mice was 64Ϯ6%, while the collagen content was 4Ϯ1%. No significant effect of CETP expression by BM-derived cells was observed on the relative macrophage and collagen contents of the lesions (60Ϯ5% and 7Ϯ2%, respectively). A predominant part of the lesions also consisted of acellular necrotic areas which did not differ significantly between the 2 groups (11Ϯ6% in WT3 LDLr Ϫ/Ϫ mice and 17Ϯ4% in CETP Tg3 LDLr Ϫ/Ϫ animals). Thus, CETP production by BM-derived cells induces the growth of the atherosclerotic lesions without markedly affecting lesion composition.
Effect of Macrophage CETP Production on Cholesterol Efflux
To study the effect of endogenous CETP production on macrophage cholesterol efflux, efflux of cholesterol from 3 H-cholesterol-loaded peritoneal macrophages from human CETP transgenic mice and wild-type littermates that do not produce CETP was compared ( Figure 1b ). No effect of macrophage CETP expression was observed on cholesterol efflux to lipid-free apoAI. After 24 hours, 11.7Ϯ1.7% of the cholesterol was effluxed from wild-type macrophages to apoAI as compared with 9.1Ϯ1.1% from CETP producing macrophages. In addition, no effect was observed on efflux to human HDL (27.2Ϯ0.6% for wild-type and 28.3Ϯ1.8% for CETP producing macrophages after 24 hours) or mouse HDL devoid of CETP (39.4Ϯ1.2% for wild-type and 37.7Ϯ2.7% for CETP producing macrophages after 24 hours). It is thus unlikely that the increase in lesion development is caused by effects of macrophage CETP production on cholesterol efflux.
CETP Production by BM-Derived Cells Induces Redistribution of Cholesteryl Esters From HDL to ApoB-Containing Lipoproteins
The primary function in which CETP is implicated is the transfer of cholesteryl esters from HDL to proatherogenic apoB-containing lipoproteins. Therefore, next we analyzed the effect of CETP production by BM-derived cells on serum lipid levels. On regular chow diet, no effect of CETP production by BM-derived cells on the concentration of free cholesterol and cholesteryl esters in the circulation was observed (Table) . CETP, however, did induce a prominent redistribution of cholesteryl esters from HDL to apoBcontaining lipoproteins (Figure 2a ). As a result, HDL cholesterol was reduced from 180Ϯ10 mg/dL in control WT3 LDLr Ϫ/Ϫ animals to 145Ϯ9 mg/dL (PϽ0.05) in CETP Tg3 LDLr Ϫ/Ϫ mice (Table) .
On challenging the mice with the Western-type diet, the effect of CETP production by BM-derived cells was even more pronounced. Under this condition serum free cholesterol and cholesteryl esters were 2.4-fold (PϽ0.001) and 1.7fold (PϽ0.05), respectively, higher in CETP Tg3 LDLr Ϫ/Ϫ mice because of an increase in VLDL and LDL cholesterol levels (Table, Figure 2a ). HDL cholesterol levels were reduced from 76Ϯ7 mg/dL in control WT3 LDLr Ϫ/Ϫ animals to 53Ϯ7 mg/dL (PϽ0.05) in CETP Tg3 LDLr Ϫ/Ϫ mice. CETP production by BM-derived cells thus markedly influences serum cholesterol levels and the distribution of cholesterol among the different lipoproteins. To investigate changes in HDL subclass distribution, serum of the transplanted mice was also analyzed by crossed immunoelectrophoresis ( Figure  2b ). On Western-type diet, the amount of pre␤-HDL particles was Ϸ3-fold (PϽ0.001) increased in serum of CETP Tg3 LDLr Ϫ/Ϫ mice (40Ϯ4%) as compared with control WT3 LDLr Ϫ/Ϫ animals (14Ϯ2%). BM-derived CETP is thus capable of transferring cholesterol from HDL to apoBcontaining lipoproteins, thereby transforming HDL and generating metabolically more pre␤-HDL. Despite the increased antiatherogenic potential of HDL as a result of CETP production by BM-derived cells, the dramatic increase in proatherogenic VLDL and LDL levels still resulted in an increased susceptibility to lesion development.
BM-Derived Cells Significantly Contribute to Serum CETP Activity and Mass
As shown in Figure 3a , CETP production by BM-derived cells resulted in substantial levels of CETP activity in the serum of CETP Tg3 LDLr Ϫ/Ϫ mice (38Ϯ3 nmol/mL/h). This level of serum CETP activity is comparable to the activity in the donor CETP Tg mice, expressing CETP in all endogenous tissues (45Ϯ6 nmol/mL/h) as well as the activity that we have previously described for healthy Finnish subjects (35Ϯ7 nmol/mL/h 24 ). In addition, a CETP mass of 4.81Ϯ0.51 g/mL was determined in sera of the LDLr Ϫ/Ϫ animals reconstituted with CETP Tg bone marrow. BM-derived cells overall are thus an important contributor to serum total CETP activity and mass, thereby explaining the observed redistribution of cholesteryl esters from HDL to proatherogenic apoB-containing lipoproteins and the enhanced formation of 
Blood samples were drawn after an overnight fast at 8 weeks posttransplant while feeding regular chow diet and at 17 weeks after BMT after 9 weeks feeding of a high-cholesterol Western-type diet. Sera from individual mice were fractionated using a superose 6 column to determine HDL cholesterol levels. The amount of free and esterified cholesterol, and HDL cholesterol in LDLr Ϫ/Ϫ mice transplanted with wild-type or CETP Tg bone marrow is shown. Values are the meanϮSEM of at least 9 mice. *PϽ0.05, **PϽ0.001 vs control animals transplanted with wild-type bone marrow. Circulating CETP levels are highly correlated with hepatic CETP mRNA levels and hepatic CETP output. 25 Therefore, CETP mRNA expression was determined in the transplanted mice both in liver and in spleen ( Figure 3b ). As expected, reconstitution of LDLr Ϫ/Ϫ mice with CETP Tg bone marrow resulted in the appearance of CETP mRNA in spleens. Interestingly, CETP mRNA levels in livers of the transplanted mice were 5.2-fold higher as compared with the levels in spleens (0.393Ϯ0.121 in liver as compared with 0.074Ϯ0.024 in spleen, PϽ0.05).
The liver contains several different cell types including parenchymal cells, endothelial, and Kupffer cells. Kupffer cells are liver-specific macrophages that develop from BMderived monocytes and account for 15% of all liver cells and 2.5% of liver protein. 26 To analyze the replacement of Kupffer cells after BMT, LDLr Ϫ/Ϫ mice were transplanted with bone marrow from mice, expressing enhanced green fluorescent protein (EGFP). As shown in Figure 4a expressing bone marrow. In addition to the liver, EGFPpositive macrophages were found in other organs, including spleen and lung. Interestingly, in spleen EGFP-positive cells were primarily found in the red pulp, which is rich in macrophages as well as in the marginal zone that is rich in B-cells, while only limited replacement of T-cells in the white pulp was observed. In lesions EGFP was expressed by macrophage foam cells, but not by endothelial cells overlying the lesion.
To investigate the potential contribution of Kupffer cells to total hepatic CETP production, the expression of CETP was evaluated in purified parenchymal cells, endothelial cells, and Kupffer cells of livers from total-body CETP Tg mice that express CETP in all endogenous tissues (Figure 5a ). CETP mRNA expression in parenchymal liver cells was 0.006Ϯ0.001. Expression in endothelial cells was Ϸ10-fold higher (0.062Ϯ0.021; PϽ0.01) as compared with parenchymal liver cells. However, a 47-fold higher expression was found in Kupffer cells (0.277Ϯ0.036; PϽ0.0001). Thus, although Kupffer cells only contribute to 2.5% of the total liver protein, they do contain at least 48% of the total liver CETP expression, as compared with 38% and 14% for parenchymal cells and endothelial cells, respectively. Immunohistochemical staining of liver sections from CETP Tg mice also indicated the predominant Kupffer cell localization of CETP in the liver (Figure 5b) .
To determine which types of BM-derived cells, in addition to macrophages contribute to the circulating CETP activity levels, CD4ϩ T-helper cells, CD8ϩ cytotoxic T-cells, B-cells, and macrophages/neutrophils were isolated from spleens of CETP Tg mice. As shown in Figure 5c , CETP mRNA was found in all splenocytes analyzed, with no significant difference in the level of expression between the different cell types. Immunohistochemical staining of spleen sections for CETP showed CETP protein expression in macrophages of the red pulp of the spleen and in the marginal zone surrounding the white pulp, which is rich in B-cells ( Figure 5d ). Thus, other BM-derived cells also contribute to CETP production besides macrophages.
Reverse Bone Marrow Transplantation of Wild-Type Bone Marrow to CETP Tg Mice
To confirm the quantitative importance of hematopoieticallyderived CETP for determining plasma CETP levels, the effect of specific disruption of BM-derived CETP in CETP Tg mice was determined. Hereto a reverse BMT experiment was performed, in which bone marrow from wild-type littermates was transplanted into CETP Tg mice having a functional LDL receptor. At 8 weeks after transplantation, CETP activity in control transplanted CETP Tg3 CETP Tg animals was 50.1Ϯ3.2 nmol/mL/h, as compared with only 23.1Ϯ2.5 nmol/mL/h in WT3 CETP Tg mice (PϽ0.0001) (Figure 6a ). CETP mass was reduced from 2.26Ϯ0.35 g/mL to 1.31Ϯ0.23 g/mL (PϽ0.0001). Specific disruption of CETP production by BM-derived cells thus resulted in a 53.8% reduction in CETP activity and a 41.9% reduction in CETP mass, confirming our conclusions about the quantitative importance of BM-derived CETP. The observed reduction in plasma CETP activity and mass levels also coincided with 2-fold lower (Pϭ0.029) CETP mRNA expression levels in the liver (0.18Ϯ0.03 for control CETP Tg3 CETP Tg animals and 0.09Ϯ0.02 for WT3 CETP Tg mice).
The atherosclerosis susceptibilities of CETP Tg3 CETP Tg animals and WT3 CETP Tg mice were compared after 8 weeks on a high-cholesterol diet, containing 1% cholesterol, 15% fat, and 0.5% cholate, started at 8 weeks after transplantation. Both on chow diet and after feeding the high-cholesterol diet, no effect of disruption of CETP production by BM-derived cells was observed on serum cholesterol levels (data not shown). In addition, no differences were observed in atherosclerotic lesion size (73.8Ϯ10.0*10 3 m 2 for CETP Tg3 CETP Tg animals [nϭ9] and 74.7Ϯ10.0*10 3 m 2 for WT3 CETP Tg mice [nϭ8]) (Figure 6b ). In both groups of mice lesions were composed of multiple layers of foam cells. Thus, in agreement with the in vitro studies which showed that cholesterol efflux from macrophages was not affected by CETP expression, also no local effects of disruption of macrophage CETP expression on atherosclerotic lesion development were found in CETP Tg mice with a functional LDL receptor.
Discussion
It has already been known for almost two decades that CETP is produced by macrophages. 20 In addition, abundant amounts of CETP protein and mRNA are detected in macrophage-derived foam cells in human aortic and coronary atherosclerotic lesions, indicating that CETP production by macrophages might play an important role in cholesterol homeostasis locally in the arterial wall. 14, 15 Until now, however, no in vivo studies were performed on the role of macrophage-derived CETP in atherosclerotic lesion development. To specifically study the role of macrophage CETP in atherosclerosis, we have created chimeras that express human CETP in BMderived cells, including arterial intima macrophages, by transplantation of bone marrow from human CETP transgenic mice into LDLr Ϫ/Ϫ mice. Interestingly, we found that CETP production by BM-derived cells promoted the development of atherosclerosis, whereas efflux of cholesterol from peritoneal macrophages to lipid-free apoAI or HDL was not affected. Thus, in contrast to previous in vitro studies suggesting an antiatherogenic function for macrophage CETP 14, 15, 20, 21 in the current study we provide strong in vivo evidence that CETP production by BM-derived cells, including macrophages is proatherogenic in mice lacking the LDL receptor. The increased atherosclerosis in these mice expressing CETP in BM-derived cells coincided with a significant redistribution of cholesteryl esters from HDL to proatherogenic apoB-containing lipoproteins and a dramatic increase in the levels of proatherogenic apoB-containing lipoproteins as a result of the appearance of substantial amounts of active CETP in the circulation. The large increase in plasma cholesteryl ester levels in the CETP Tg3 LDLr Ϫ/Ϫ mice is primarily the consequence of the circulating CETP activity levels on the cholesteryl ester transfer process in these mice. In absence of the LDL receptor, the removal of triglyceride-rich apoB-containing lipoproteins from the circulation is severely impaired, leading to their accumulation. Similar effects of CETP expression on the accumulation of apoB-containing lipoproteins have previously been described in apoE and LDL receptor knockout mice. 5 By specific disruption of CETP production by BM-derived cells in CETP Tg mice we established that BM-derived cells contribute for Ϸ50% to the total circulating CETP activity levels. In these animals with a functional LDL receptor, no effects on serum cholesterol levels or atherosclerotic lesion development were observed, indicating that LDL receptor deficiency is a major contributor to the observed effects of BM-derived CETP in LDL receptor knockout mice. In addition, these studies implicate that macrophage CETP does not affect cholesterol homeostasis locally in the arterial wall.
Macrophages are an important source of BM-derived cells that reside within almost all tissues. Important sources of serum CETP are liver and spleen. [11] [12] [13] CETP production by the liver has primarily been attributed to the parenchymal cells. However, the liver consists of 15% Kupffer cells, representing the hepatic macrophages. 26 In the current study we also provide evidence that Kupffer cells are an important source of CETP in livers of total-body CETP transgenic mice and that disruption of CETP expression in BM-derived cells results in a 50% decrease in hepatic CETP mRNA expression because of the absence of Kupffer cell CETP expression. In agreement with this, nonparenchymal cells of the hepatic sinusoids are the principal source of CETP in livers of cynomolgus monkeys that like humans naturally express CETP. 27 Thus, although it still remains to be determined whether and how much macrophages and other BM-derived cells contribute to plasma CETP activity in humans, the comparable findings in human CETP transgenic mice and cynomolgus monkeys suggest that our findings apply to species that naturally express CETP.
In our BMT chimeras also significant expression of CETP was found in spleen. In agreement, CETP expression was previously shown in spleens of adult total-body CETP transgenic mice, 28 hamsters, 13 and humans. 29 In the current study, we show that B-cells, T-cells, and macrophages/neutrophils isolated from spleens of total-body CETP Tg mice all express CETP mRNA. CETP protein colocalized with macrophages in the red pulp of the spleen. In addition, substantial CETP protein expression was found in the marginal zone, the interphase between the nonlymphoid red pulp and the lymphoid white pulp, an area rich in B-cells. In hamsters, CETP is primary localized at the periphery of germinal follicles of the spleen. 13 Also in human spleens CETP protein was found in white pulp germinal centers and colocalized with B-cells and a proportion of marginal zone B-cells. 29 Thus, CETP is not only restricted to macrophages, but is also produced by other cells from bone marrow origin.
An important question remains about the function of CETP production by macrophages. Macrophage foam cells are primarily restricted to atherosclerosis, whereas activated macrophages are a common feature of many inflammatory diseases. Interestingly, CETP belongs to the family of lipid transfer/lipopolysaccharide-binding proteins. 30 Furthermore, administration of lipopolysaccharide to hamsters with endogenous CETP expression or to transgenic mice expressing human CETP induces a rapid decrease in serum CETP concentration, 31, 32 suggesting that CETP with its molecular mimicry to lipopolysaccharide-binding proteins might be able to modulate the lipopolysaccharide response and thus can play a role in innate immunity in addition to its role in cholesterol metabolism.
In conclusion, the current study strongly suggests that CETP produced by BM-derived cells, including macrophages, is an important contributor to total serum CETP activity. It modulates lipoprotein metabolism by mediating the redistribution of cholesteryl esters from HDL to apoBcontaining lipoproteins, and promotes the development of atherosclerosis in LDL receptor knockout mice with impaired clearance of apoB-containing lipoproteins. The substantial contribution of BM-derived cells to circulating total CETP activity implicates an important role for CETP in macrophage function.
